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(54) Stereo demultiplexer 

(57) For the noise reduction of an audio signal gen- 
erated by stereo-demultiplexing of a frequency-modu- 
lated stereo multiplex signal (S FM (t)) a filtering within the 
signal path to generate the stereo difference signal (u d 



(t)) is performed that determines a weight with which the 
upper sideband (u d u (t)) and the lower sideband (u d j(t)) 
of the amplitude modulated stereo-difference signal are 
weighted with different weighting factors that are de- 
pendent on the frequency. 
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Description 

[0001] The present invention relates to a method and a device to demultiplex a frequency modulated stereo-multiplex 
signal, in particular to an improvement of the signal to noise ratio of a transmitted audio signal. 
5 [0002] In fm-broadcasting a stereo-multiplex signal is frequency modulated. The stereo-multiplex signal consists of 
a stereo-sum signal and a stereo-difference signal. The stereo-difference signal is amplitude modulated with sup- 
pressed carrier. To allow a coherent amplitude demodulation of the stereo-difference signal at the receiver, a pilot 
carrier with half the AM-carrier frequency is added to the stereo-multiplex signal. 
[0003] The stereo-sum signal and the stereo-difference signal are defined by 

10 

m s (t) = a,(t) + a r (t) 

15 m d (t) = a,(t)-a r (t) 

[0004] The stereo-multiplex signal is defined by 

20 ^tmuxW = m *Q) + sin ( 2 ^pii 1 ) • m d( t ) + A P ii • ^("V) 

[0005] The stereo-multiplex signal is frequency modulated: 

25 



S FM (t) = A FM cos 




30 

with 

co c : carrier frequency 
35 Aco: frequency deviation 

[0006] At the receiver side the frequency modulated stereo-multiplex signal is frequency demodulated and stereo- 
demultiplexed to calculate the left and right audio signal. 

[0007] For the stereo demultiplexing, the stereo demultiplexer needs to recover the 2nd harmonic of the pilot carrier. 

40 Therefore, a PLL locks to the pilot carrier and generates the 2nd harmonic of the pilot carrier. The 2nd harmonic, that 
is locked in phase to the pilot carrier is needed for the coherent amplitude demodulation of the stereo-difference signal. 
[0008] Fig. 10 shows the basic functionality of a state of the art stereo-demultiplexer. For the sake of simplicity the 
noise n b (t) added to the frequency modulated stereo-multiplex signal S FM (t) on the transmitter side, the receiver side 
and within the transmission channel is shown to be added to the frequency modulated stereo-multiplex signal S FM (t) 

45 by way of an adder 10 just before the frequency demodulator 11 of the stereo-demultiplexer shown in Fig. 10. Therefore, 
the frequency demodulator 11 outputs a stereo-multiplex signal u(t) that consists of the stereo-multiplex signal m stmux 
(t) as generated on the transmitter side and additionally an added noise component v(t) that is the frequency demod- 
ulated noise signal n b (t). On basis of this stereo-multiplex signal u(t) a PLL-circuit 2 generates the 2nd harmonic of the 
pilot carrier, i. e. a signal that is in phase to the pilot carrier with twice the frequency of the pilot carrier, which is needed 

50 for the coherent amplitude demodulation of the stereo-multiplex signal u(t) to gain the stereo-difference signal u d (t). 
This coherent amplitude demodulation is performed by way of a demodulator 12 which receives the stereo-multiplex 
signal u(t) at its first input and the 2nd harmonic of the pilot carrier at its second input. The output signal of the demod- 
ulator 1 2 is input to a filter 9 which outputs the stereo-difference signal u d (t) that consists of the stereo-difference signal 
m d (t) generated at the transmitter side plus an additional noise component v d (t). A stereo-sum signal u s (t) comprising 

55 the stereo-sum signal m s (t) plus an additional noise component v s (t) is generated by a lowpass filtering of the stereo- 
multiplex signal u(t) with a lowpass filter 8 that receives the output signal of the frequency demodulator 11. The left 
audio signal is calculated by an addition of the stereo-sum signal u s (t) and the stereo-difference signal u d (t). The right 
audio signal r(t) is calculated by a subtraction of the stereo-difference signal u d (t) from the stereo-sum signal u s (t). The 
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left output channel consists of of the left audio signal l(t) and a noise component v d (t)+v s (t) and the right audio channel 
consists of the right audio signal r(t) and a noise component v s (t)-v d (t). 

[0009] Therefore, without consideration of the noise n b (t) introduced in the transmission chain, the stereo-sum signal 
m s (t) is generated by a lowpass filtering of the stereo-multiplex signal and the stereo-difference signal is generated by 
s a coherent amplitude demodulation of the amplitude modulated stereo-difference signal. The left and right audio signals 
l(t) and r(t) are calculated by addition and subtraction of the stereo-sum signal and the stereo-difference signal: 

r(t) = m s (t) - m d (t) = (a,(t) + a r (t)) - (a,(t) - a r (t)) = 2a r (t) 

10 

l(t) = m s (t) + m d (t) = (a,(t) + a r (t)) + (a,(t) - a r (t)) = 2a,(t) 

[0010] For the calculation of the noise of the frequency demodulated signal the noise at the input of the frequency 
is demodulator is assumed to be zero mean Gaussian noise. Fig. 8 shows the assumed power spectral density of the 
noise n b (t) at the input of the frequency demodulator. The power spectral density S nbnb (jco) equals to Nq/2 from fre- 
quencies -co c -B n to -co c +B n and from frequencies co c -B n to co c +B n . With N 0 being the value of the power spectral density 
of the noise, co c being the fm carrier frequency and B n being the noise bandwidth. It is shown in Kammeyer, Nachrich- 
tenubertragung, ISBN 3-519-16142-7 that the power spectral density of the noise v(t) of the frequency demodulated 
20 signal can be calculated to: 



S vv (jo>) - 
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[001 1] The frequency demodulation performed by the demodulator applies quadratic shaping of the input noise spec- 
trum. Fig. 9 depicts the power spectral density (PSD) S vv (jco) of the demodulator output at high carrier to noise ratios 
(CNRs). It can be seen that S vv (jco) over the frequency co has the shape of a parabola. 

[0012] Due to the quadratic shape of the power spectral density of the noise v(t) at the frequency demodulator output 
30 such a stereo-demultiplexer described above in connection with Fig. 10 is not optimal in terms of the noise behavior, 
since those parts of the spectrum of the modulation signal having a higher frequency are more deteriorated than those 
with a lower frequency. 

[0013] It is the object underlying the present invention to provide an improved method and device to demultiplex a 
frequency modulated stereo-multiplex signal, in particular to improve the signal to noise ratio of a transmitted audio 
35 signal. 

[0014] The inventive method is defined in independent claim 1 and the inventive device is defined in independent 
claim 8. Advantageous embodiments thereof are respectively defined in the respective dependent subclaims. 
[0015] According to the present invention a filtering is performed for the weighting of the lower sideband and the 
upper sideband of the amplitude modulated stereo-difference signal. 

40 [0016] For the calculation of the optimum weighting of both sidebands the amplitude modulated stereo-difference 
signal is split into a lower sideband signal and an upper sideband signal before the transfer function of the filtering is 
calculated on basis of a minimization of the variance of the noise included in the stereo-difference signal. Therefore, 
the transfer function calculated in this way optimizes the signal to noise ratio of the stereo-difference signal. 
[0017] According to the present invention such a filter can consist of a single filter unit that is arranged in the signal 

45 path to generate the stereo-difference signal before the coherent amplitude demodulator, i. e. that receives the fre- 
quency demodulated stereo multiplex signal, filters it and outputs this filtered frequency demodulated stereo-multiplex 
signal to the coherent amplitude demodulator which performs a coherent amplitude demodulation, or it can comprise 
two filter units each of which is arranged after an output of a single sideband demodulator that outputs an upper sideband 
signal and a lower sideband signal of the stereo-difference signal separately. 

50 [001 8] To exclude problems with the separation of the left and right channel of the left and right audio signals caused 
by group delay distortions in the stereo-difference signal the filter according to the present invention is preferably 
realized as a linear phase filter. 

[0019] The present invention and its embodiments will be better understood from a detailed description of an exem- 
plary embodiment thereof described in conjunction with the accompanying drawings, wherein 

55 

Fig. 1 shows a block diagram of a stereo-demultiplexer according to a first preferred embodiment of the present 
invention; 

Fig. 2 shows the spectrum of a stereo-multiplexed signal; 
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Fig. 3 shows the power spectral densities at different points of the stereo-demultiplexer shown in Fig. 1 ; 
Fig. 4 shows the transfer function of the filter H dopt (jco) for the optimal demodulation of the stereo-difference signal 
shown in Fig. 1 ; 

Fig. 5 shows the power spectral densities of the optimal demodulated stereo-difference signal according to the 
present invention and a conventional amplitude demodulated stereo-difference signal and the gain of the 
power spectral density of the stereo-difference signal demodulated according to the present invention 
against the conventional demodulated stereo-difference signal; 

Fig. 6 shows a block diagram of a stereo-demultiplexer according to a second preferred embodiment of the present 
invention; 

Fig. 7 shows the transfer function of the weighting filter for the optimum demodulation of the stereo-difference 
signal according to Fig. 6; 

Fig. 8 shows the assumed power spectral density of the noise at the input of the frequency demodulator; 
Fig. 9 shows the power spectral density of the noise at the frequency demodulator output; and 
Fig. 10 shows a block diagram of a conventional stereo-demultiplexer. 

[0020] According to the first embodiment of the present invention, for the improvement of the signal to noise ratio in 
the audio signal the stereo-difference signal u d (t) is split into two single sideband signals u d ,(t) and u d u (t) and a weight- 
ing operation of each of these two single sideband signals is performed before they are added to generate the stereo- 
difference signal. The signal u d ,(t) contains the information of the lower sideband of the amplitude modulated stereo- 
difference signal u d (t) and the signal u d u (t) contains the information of the upper sideband of the amplitude modulated 
stereo-difference signal u d (t). Fig. 2 shows the spectrum of the stereo-multiplex signal consisting of 

the spectrum U s (j o:( ) of the stereo-sum signal u s (t) 
the pilot carrier 

the spectrum U d i(j co ) of the lower sideband of the amplitude modulated single sideband signal u d ,(t) 
the spectrum U d Jj^ ) of the upper sideband of the amplitude modulated single sideband signal u d u (t). 

[0021] The blockdiagram of Fig. 1 shows a stereo-demultiplexer according to the present invention that demodulates 
the lower and upper sideband u d ,(t) and u d u (t) of the stereo-difference signal u d (t) separately. In the stereo-demulti- 
plexer according to the present invention the stereo-sum signal u s (t) is generated identical to the stereo-sum signal u s 
(t) shown in Fig. 10 ; i. e. by a lowpass filtering of the stereo-multiplex signal u(t) with a lowpass filter 8. According to 
the present invention, the coherent amplitude demodulation of the amplitude modulated stereo-difference signal is 
performed with a single sideband demodulator 1 that receives the stereo-multiplex signal u(t) and at a second input 
the complex signal 2(cos(2co pM t) + j-sin(2co pj |t)) from the PLL circuit 2. The single sideband demodulator 1 comprises 
digital filters and generates the two single sideband signals which respectively pass lowpass filters 3 and 4 to become 
the lower sideband signal u d ,(t) and the upper sideband signal u d u (t) with 

u d (t) = u dl (t) + u du (t). 

In case of amplitude modulation both sideband signals contain the same information 

m d (t) 

m d,u( t ) = m d,i (*) = — 2~ 
and additionally a respective noise component v d u (t) and v d |(t), i. e. 

"djW = m d l iW + v djW 

U d,u( t ) = m d,u( t ) +V d,u( t )- 

[0022] The signal u d ( (t) contains all information of the lower sideband and the signal u d u (t) contains all information 
of the upper sideband of the amplitude modulated stereo-difference signal u d (t). 

[0023] The output signals of the lowpass filters 3 and 4 are respectively input to a filter unit which respectively weights 
the respective input signal with a factor dependent on the frequency. The output signal of the lowpass filter 3, i. e. the 
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upper sideband signal u d (t) is input to a first filter unit 5 having a first transfer function and the output signal of the 
lowpass filter 4, i. e. the lower sideband signal u d ,(t) is input to a second filter unit 6 which has a second transfer 
function. Both of these transfer functions are generated according to the present invention. The output signals of both 
filter units 5 and 6 are input to an adder 7 which performs a summation of both signals and therewith generates a 
stereo-difference signal u d opt (t) which is filtered according to the present invention. The further generation of the right 
and left audio channel is performed like with the stereo-demultiplexer according to the prior art shown in Fig. 10. Of 
course, due to the filtering of the stereo-difference signal and generation of the optimal filtered stereo-difference signal 
u d opt (t) according to the present invention the noise components included in the left and right audio channel are re- 
duced. 

[0024] In the following it will be shown how the first transfer function F-H d op1 (jco) of the first filter unit 5 and the second 
transfer function H dopt (jco) of the second filter unit 6 that in connection perform the optimal filtering are determined 
according to a preferred embodiment of the present invention. 
[0025] Fig. 3a shows the PSD of the frequency demodulator output noise v(t) 
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[0026] Fig. 3b shows the PSD S VsVs (jco) of the noise v s (t) in the band of the stereo-sum signal 
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and Fig. 3c shows the PDS S VdVd (jco) of the noise v d (t) in the band of the coherent amplitude demodulated stereo- 
difference signal 
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Fig. 3d depicts the PSD S Vd|Vd| (jco) of the noise in the amplitude demodulated single sideband signal u d j(t) 
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and Fig. 3e depicts the PSD S Vd uVd u (jco) of the noise in the amplitude demodulated single sideband signal u d u (t) 
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[0027] On basis of Figs. 3b and c it can clearly be seen that the noise components included in the stereo-sum signal 
have nearly no influence on the whole noise included in the audio signal in comparison with the noise components 
included in the stereo-difference signal. Furtheron, it is shown that the power spectral density of the noise in the band 
of the coherent amplitude demodulated stereo-difference signal directly corresponds to the sum of the power spectral 
is densities of the noise in the amplitude demodulated single sideband signals. The power spectral densities shown in 
Figs. 3d to e can directly be derived when comparing Fig. 3a with Fig. 2. Figs. 3d and e clearly show that the power 
of the noise in the upper sideband of the stereo-difference signal is stronger than the power of the noise in the lower 
sideband of the stereo-difference signal. 

[0028] According to the present invention the demodulation of the stereo-difference signal is optimized with a weight- 
20 ing of each of the sideband signals of the stereo-difference signal in advance to their summation which filtering ensures 
that the amplitude of the information is doubled, but the amount of the noise is minimized. Therefore, preferrably the 
weight of the upper sideband u d u (t) of the amplitude modulated stereo-difference signal decreases and the weight of 
the lower sideband u d ,(t) of the amplitude modulated stereo-difference signal increases with increasing frequency. To 
ensure that the amplitude of the information within the stereo-difference signal which is gained with the filtering ac- 
25 cording to the present invention is equal to the amplitude of the conventionally demodulated stereo-difference signal 
the lower sideband is filtered by the second filter unit 6 having the transfer function H d opt (jco) whereas the upper side- 
band is filtered by the fist filter unit 5 having the transfer function F-H d opt (jco) with F being an arbitrary chosen constant 
factor. With such a filtering the information output corresponds to the information output achieved with a stereo-demul- 
tiplexer according to the prior art, but the amount of noise included in the stereo-difference signal is minimized. 
30 [0029] The following calculation of the transfer function H d opt (jco) is dependent on this constant factor F which is 
chosen to equal 2 in the following example. Therefore, for the optimization of the demodulation of the stereo-difference 
signal the stereo-difference signal U d opt (j<o) is calculated using the following equation: 



u d,o P t(i<«» = H d,o P .(i<») • u d,i(i">> + < 2 - H d,opt(i<°)) • u d,u(i<*) 

[0030] For the PSD S Vd op(Vd opt (j<o) of the noise in the optimal demodulated stereo-difference signal follows: 
[0031] For the optimization the variance 
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of the noise in the stereo-difference signal u d opt (t) is minimized using the following equation: 
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[0032] Therewith, the transfer function of the optimum filter for the filtering of the stereo-difference signal can be 
calculated to: 
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[0033] This transfer function of the filter H d opt (jco) which is the second transfer function for the second filter unit (6) 
for optimal stereo-difference signal demodulation is depicted in Fig. 4. 

[0034] It can clearly be seen from Fig. 4 that the second transfer function is not constant and that with an increasing 
frequency the second transfer function increases as well. Therewith; the first transfer function is also not constant and 
the second transfer function decreases with an increasing value of the frequency. 

[0035] Fig. 5a depicts the PSD of the optimal (solid line) and conventional (dashed line) demodulated stereo-differ- 
ence signal. It can clearly be seen that the PSD of the stereo-difference signal demodulated according to the present 
invention is decreasing with an increasing absolute value of the frequency. Fig. 5b) depicts the gain of the PSD of the 
optimal demodulated stereo-difference signal S vd optvd opt (jco) against the PSD of the conventional demodulated stereo- 
difference signal S vdvd (jco) in dB over the frequency co. For low frequencies no gain can be achieved. With increasing 
frequency a gain up to 2.7 dB at = 1 5 kHz can be achieved due to the high differences in the PSD of the noise in 
the upper sideband and the lower sideband of the amplitude modulated stereo-difference signal. The gain in SNR is 
0.866 dB for an audio bandwidth of ^ = 15 kHz. 

[0036] Fig. 6 shows a second preferred embodiment according to the present invention to improve the SNR of the 
audio signal. To realize this second embodiment, the state of the art stereo-demultiplexer is modified by inserting a 
filter unit having a transfer function H opt (jco) before the coherent demodulation of the stereo-difference signal. The 
transfer function H opt (jco) can be generated with a frequency transformation of the first transfer function of the first filter 
unit filtering the upper sideband (2-H d opt (jco)) in the first embodiment according to the present invention. 
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[0037] Fig. 7 shows this transfer function H opt (jf) over the frequency f in kHz for B nf =2n- 1 5 kHz and co pN = 2 n • 19 kHz. 
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[0038] It can clearly be seen from Figs. 4 and 7 that the weighting factors for the upper and the lower sideband are 
only identical at twice the frequency of the pilot carrier, i. e. in a part of the signal that carries no audio information. 
[0039] The filter unit 15 having the transfer function H opt (ja>) of the second embodiment according to the present 
invention as well as both filter units 5 and 6 according to the first embodiment of the present invention should be realized 
s as linear phase filters to exclude problems with the L/R channel separation of the left and right audio channel caused 
by group delay distortions in the stereo-difference signal. 

[0040] For both of the above examples the transfer functions of the filter units are calculated on the assumption of 
zero mean Gaussian noise at the input of the frequency demodulator. Of course, these transfer functions can also be 
calculated for other noise shapes. 

10 

Claims 

1. Method to demultiplex a frequency modulated stereo multiplex signal (S FM (t)), characterized by a filtering within 
is the signal path to generate the stereo-difference signal that determines different weighting factors with which the 

upper sideband (u d u (t)) of the amplitude modulated stereo-difference signal and the lower sideband (u d ,(t)) of the 
amplitude modulated stereo-difference signal are weighted. 

2. Method according to claim 1 , characterized in that said different weighting factors are dependent on the frequency. 

20 

3. Method according to claim 1 or 2, characterized in that the filtering decreases the weight of the upper sideband 
(u d u (t)) of the amplitude modulated stereo-difference signal and increases the weight of the lower sideband (u d 
(t)) of the amplitude modulated stereo-difference signal with increasing frequency. 

25 4. Method according to claim 1 , 2 or 3, characterized in that the transfer function of the weighting filter is calculated 
on basis of a minimization of the variance of the noise included in the stereo-difference signal. 

5. Method according to claim 4, characterized in that the noise included in the stereo-difference signal is calculated 
on basis of a weighted summation of the power spectral densities of the upper and lower sidebands of the stereo 

30 difference signal. 

6. Method according to claim 4 or 5, characterized in that the transfer function of the filtering is calculated in advance 
to the stereo demultiplexing on basis of an assumed noise distribution at the input of the frequency demodulator. 

35 7. Method according to claim 6, characterized in that the noise at the input of the frequency demodu lator is assumed 
to be zero mean Gaussian noise. 

8. Stereo-demultiplexer, characterized by 

40 a weighting filter inserted in the signal path to generate the stereo-difference signal having a transfer function 

that determines a weight with which the upper sideband (u d u (t)) of the amplitude modulated stereo-difference 
signal and the lower sideband (u d ,(t)) of the amplitude modulated stereo-difference signal are weighted with 
different weighting factors. 

45 9. Stereo-demultiplexes according to claim 8, characterized in that said weighting filter has a transfer function which 
determines the different weighting factors dependent on the frequency. 

10. Stereo-demultiplexer according to claim 8 or 9, characterized in that said weighting filter comprises a single filter 
unit (15) that is arranged to filter the input signal of a demodulator (12) performing a coherent amplitude demod- 

50 ulation to generate the stereo-difference signal (u d (t)) . 

11. Stereo-demultiplexer according to claim 8 or 9, characterized in that said weighting filter comprises a first filter 
unit (5) which is arranged after a first output of a single sideband demodulator (1 ) that outputs an upper sideband 
signal (u d u (t)) of the stereo-difference signal and a second filter unit (6) which is arranged after a second output 

55 of said single sideband demodulator (1 ) that outputs a lower sideband signal (u d ,(t)) of the stereo-difference signal 

(u d (t». 

12. Stereo-demultiplexer according to claim 1 1 , characterized by an adder (7) receiving and adding the output signals 
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of said first and second filter units (5, 6) to generate the stereo difference signal (u d opt (t)). 

13. Stereo-demultiplexer according to anyone of claims 8 to 12, characterized in that said weighting filter is a linear 
phase filter. 

5 
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